is that the mutation may affect more than one function
is that the mutation may affect more than one function of the channel, either through interactions with other with longer pulses, and the slow component of the OFF gating current predominates. This change is more apdomains or through functional coupling of different reparent in pulses to 0 and 30 mV, in which gating charge gions. For instance, mutations that affect activation may becomes immobilized after very short pulses. Thus, duralso affect inactivation, because inactivation is coupled ing deactivation, there is a fast component with a time to activation. This work addresses these concerns by constant of ‫002-001ف‬ s and a slower component with using site-directed fluorescent labeling to examine doa time constant on the order of 1-2 ms, which becomes main-specific conformational changes in the human the predominant component as fast inactivation develskeletal muscle sodium channel hSkM1. This approach ops. The ON charge is always equal to the OFF charge has been successfully used to examine conformational if both fast and slow components are integrated. Figure 1D ). extrinsic fluorescent probe tetramethylrhodamine maThese curves illustrate the time course and voltage deleimide (TMRM) and examining fluorescence changes as pendence of gating charge immobilization, which correa function of voltage. The kinetics of these fluorescence lates with the voltage dependence and time course of changes are highly specific for each domain and reveal inactivation. The maximum fraction of total charge imthat the S4 segments in domains III and IV are coupled to mobilized by fast inactivation is ‫.%76ف‬ fast inactivation, whereas the S4 segments in domains I
To determine which domains are involved in various and II are unaffected by fast inactivation. In addition, aspects of fast inactivation, we turned to site-directed domains III and IV contain the gating charge that is fluorescent labeling to examine the effects of fast inactiimmobilized by fast inactivation.
vation on the fluorescence signals in each domain.
Results

Fluorescence Signals in Domain I Show No Component Associated with Fast Inactivation Gating Current Properties of the Wild-Type
The serine at residue 216 (S216) and arginine at residue and Mutant hSkM1 Channels 219 (R219), the latter residue representing the first To examine the properties of fast inactivation of hSkM1, charged residue in the S4 segment of domain I, were we measured ionic and gating currents as a function mutated to cysteine in the hSkM1 sodium channel in of time and pulse potential. The gating currents were order to examine conformational changes in this region. measured in the absence of ionic currents with the exterFor the remainder of the paper, each mutant channel nal application of tetrodotoxin (TTX), and examples of construct will be referenced by the original amino acid the ionic and gating currents are shown in Figure 1A .
followed by its number and "C" for the substituted cysteThe ionic currents were obtained by subtracting the ine (e.g., S216C). Fluorescence signals were measured gating currents from the initially measured membrane by attaching TMRM to these sites. The voltage-depencurrents. Because the kinetics of hSkM1 gating currents dent fluorescence changes at site S216C display very are fast, the electrophysiological recordings were done fast kinetics in comparison to the currents during activa- at site K1126C display slower kinetics than those seen in domains I and II ( Figure 6B ). In addition, for large Using a conditioning prepulse to place a variable fraction of the channels in the fast inactivated state before depolarizations, there is a second, slower fluorescence component that is more clearly seen in the fluorescence a test pulse, the ionic currents reveal a substantial increase in channel inactivation with a prepulse to 0 mV traces in Figure 6B or in the traces in Figure 6D . This slow fluorescence component moves in the opposite ( Figure 5C ). However, the fluorescence signal maintains the same magnitude and kinetics during the test pulse direction of fluorescence activation and is responsible for the decrease in fluorescence change seen in the F-V to 50 mV, showing no effect from the extent of channel inactivation. As in domain I, this clearly demonstrates curve ( Figure 6C ). This slow component can also be seen in the fluorescence deactivation for long pulses to that the level of channel inactivation does not affect large depolarizations, whereby the fluorescence actually the conditioning prepulse ( Figure 7C ). The fluorescence change associated with activation is seen only when no undershoots the initial intensity level before returning to the initial state ( Figure 6B and Figure 6D , inset). These prepulse is applied and essentially disappears when a 0 mV prepulse of either 2 or 10 ms is applied to the fluorescence changes may reflect slow conformational changes associated with the onset of and recovery from channels. This is clearly different from the results seen in domains I and II and argues that the domain III S4 fast inactivation and are not seen in domains I or II.
The effects of inactivation on the S4 segment in dosegment is immobilized by fast inactivation. The slow component of fluorescence kinetics during activation main III were examined with a variable length depolarizing pulse to either 0 or 50 mV (Figures 6D and 6E) . By and deactivation suggests that domain III also undergoes conformational changes associated with fast inacexamining the fast component of fluorescence deactivation for different pulse durations to 50 mV, in contrast tivation. to domains I and II, the fluorescence deactivation is significantly affected by the length of the pulse. In particFluorescence Changes in Domain IV Show Kinetics that Correlate with Fast ular, the delay before the onset of fluorescence deactivation becomes prolonged, with a time course and volt-
Inactivation Kinetics
Fluorescence signals were examined in domain IV at age dependence similar to ionic inactivation ( Figure 7A ). This result indicates that domain III is likely immobilized site R1448C, which represents the first charge in the S4 segment. The fluorescence signals demonstrate two by fast inactivation. In contrast, the fluorescence deactivation kinetics after this delay do not change with pulse components: a fast component, which is seen for depolarizations of 1 ms or less, and a slow component, which duration ( Figure 7B ). This implies that there is a deactivation step in domain III, whose rate is not dependent forms the predominant component of the fluorescence and is more readily visible during long depolarizations upon the level of fast inactivation, and this step occurs only after a delay that follows the time course of fast ( Figure 8B ). The fluorescence changes were examined for a 40 ms pulse, during which the slow component is inactivation.
The fluorescence signal is also greatly affected by clearly visible, and the fluorescence kinetics are as slow 
or slower than the time course of fast inactivation (Fig-
The fluorescence change in domain IV is also heavily modulated by a conditioning prepulse that modulates ures 8A and 8B). In contrast to the other domains, the F-V curve is shifted to more depolarized potentials than the level of inactivation. The fluorescence change in a test pulse to 50 mV is hardly visible when a prepulse to the Q-V curve ( Figure 8C ). Although slower than fast inactivation, this slow component of the fluorescence 50 mV is applied, in comparison to the fluorescence change measured without prepulse ( Figure 9B ). This may represent conformational changes into and from the fast inactivated state. experiment also strongly argues that fast inactivation immobilizes the S4 segment in domain IV. Using a variable duration depolarization and examining the kinetics of fluorescence deactivation, it is clear that for short depolarizations, the fluorescence deactivates relatively quickly but deactivates very slowly for Discussion longer depolarizations (Figures 8D and 8E ). This implies that the conformational change in the domain IV S4
Gating currents from hSkM1 show the same general features of the gating currents recorded from the squid segment may contain two components: one associated with activation of the channel and another correspondaxon sodium channel. There is a large fraction of the charge that moves in the negative region of membrane ing to a transition into the immobilized, fast inactivated state. The effect of inactivation on fluorescence deactipotential, where no conduction is observed, and it exhibits voltage-and time-dependent charge immobilization vation is clearly seen by plotting the time constant of fluorescence return as a function of pulse potential and that follows the inactivation of the conductance ( Figure  1 ). These observations appear to be generic to voltageduration ( Figure 9A ). The time constant becomes as slow as 8 ms for long depolarizations but is much faster for dependent sodium channels, which allows us to use them as the basis for correlating the function with the short depolarizations, consistent with an effect that correlates with fast inactivation. Although these fluoresstructure of the channel. The labeling of specific sites of the channel with fluorescent probes has allowed us cence time constants appear much slower than those seen for fast inactivation of the wild-type channel, the to go one step further in associating the different aspects of the channel function with specific structural domain IV channel also inactivates three to five times more slowly than the wild-type channel (Table 1) .
domains. It can be argued that the cysteine mutation or the and IV. For very short pulses (500 s to 50 mV, 1 ms to 0 mV), it is clear that the fluorescence deactivation occurs fluorescent probe attached to the S4 segment may perturb the function that is under study. Although this is a quickly and without delay in domains III and IV; this likely reflects the normal deactivation of the S4 segments in concern that can be addressed by examining the characteristics of the ionic currents of these channels (Table  domains III delay for the S4 segment that moves last. Therefore, the S4 segments in domains I and II to move. This is represented in Figure 10 as a sequential set of transionly the shaded path of the scheme presented in Figure  10 is supported by the fluorescence data, with the directions describing the movement of the four domains from the open, fast inactivated state (upper right) to the most tion indicating the deactivation sequence concomitant with the recovery from inactivation.
closed state (lower left). In this sequence, the domain II S4 segment likely moves first, since it shows the fastest Following a depolarization, a sudden repolarization shows that the fluorescence traces in domains I and deactivation kinetics ‫002-051ف(‬ s) and shortest delay ‫031-09ف(‬ s; see Figure 5 ). The domain I S4 segment II return to baseline quickly, and their time course is independent of the duration of the preceding depolarizafollows closely after domain II, with slightly slower deactivation kinetics ‫052-051ف(‬ s) and a slightly longer detion. After a long depolarization that establishes inactivation, it is unnecessary for the S4 segments in domains lay than domain II ‫051ف(‬ s; see Figure 3 ). During recovery from inactivation, the S4 segments III and IV to return to a closed conformation in order for of domains III and IV move after the segments of the the recovery from inactivation, and to account for the data, we make the lower step (the release of the second first two domains. Thus, inactivation immobilizes the S4 segments of domains III and IV but to different extents. contact point of the inactivation domain) rate limiting. DIII-S4 may return to its closed position only after reThe fluorescence signal from domain III still shows relatively fast ‫009-006ف(‬ s) deactivation kinetics but shows leasing the inactivation domain, but this may occur either while the inactivation domain is still attached to two extra features. There is a slow component (in the opposite direction; see Figure 6 ) during and after the DIV-S4 (fast) or after it has detached from DIV-S4 (slow), giving two components to the return of DIII-S4 fluorespulse, and in addition, the deactivation shows a delay that grows with longer depolarizations (see Figures 6 cence signal. Notice that DIV-S4 will only return after DIII-S4 has returned and will always be rate limited by and 7), indicating immobilization by the inactivation domain. In comparison, the S4 segment of domain IV has the last (slow) detachment of the inactivation domain, giving origin to a slow fluorescence signal. The delay much slower kinetics (up to 8 ms), but fast inactivation in this construct is also three to five times slower than observed in the fluorescence signal of DIII-S4 is represented by the first detachment of the inactivation dothe other domains (see Table 1 ). Because the signal to noise in the fluorescence traces is poor in domain IV, it main (step between the upper and middle row of states in Figure 10 ). This single step is expected to produce a was difficult to determine whether the delay seen during deactivation in domain III was also seen in domain IV.
delay that is too short compared with the experimental fluorescence trace. A better representation of this delay These observations are modeled in the gray pathway of Figure 10 . In this diagram, the inactivation domain could be achieved by assuming that the attachment of the inactivation domain occurs with multiple interaction interacts with the S4 segments of domains III (DIII-S4) and IV (DIV-S4) but not with the S4 segments of domains sites, giving origin to a high degree of cooperativity. In this view, the first detachment would occur only after I and II. The interaction is represented by attaching the inactivation domain to both DIII-S4 and DIV-S4 together all of these sites are released, introducing a delay before the second step of inactivation recovery may proceed. (upper row of states in Figure 10 ) or separately (middle row of states in Figure 10 ). This produces two steps in This delay probably also arises because of the difference
